Abstract | Diabetes and Alzheimer disease (AD)-two age-related diseases-are both increasing in prevalence, and numerous studies have demonstrated that patients with diabetes have an increased risk of developing AD compared with healthy individuals. The underlying biological mechanisms that link the development of diabetes with AD are not fully understood. Abnormal protein processing, abnormalities in insulin signaling, dysregulated glucose metabolism, oxidative stress, the formation of advanced glycation end products, and the activation of inflammatory pathways are features common to both diseases. Hypercholesterolemia is another factor that has received attention, owing to its potential association with diabetes and AD. This Review summarizes the mechanistic pathways that might link diabetes and AD. An understanding of this complex interaction is necessary for the development of novel drug therapies and lifestyle guidelines aimed at the treatment and/or prevention of these diseases.
Introduction the population of the developed world is aging, and the incidence of age-related metabolic and neurodegenerative diseases is increasing. in the us, diabetes and alzheimer disease (aD)-two high-morbidity agerelated diseases-affect ≈23.6 and ≈5.3 million people, respectively. these figures are projected to rise considerably. the Centers for Disease Control and Prevention predict that >29 million people in the us will be affected by diabetes by 2050, while the alzheimer's association forecasts that by this date, 11-16 million americans will have aD. numerous studies report that patients with diabetes have an increased risk of developing aD compared with healthy individuals. 1, 2 in fact, a study of the mayo Clinic alzheimer Disease Patient registry revealed that 80% of patients with aD exhibited either impairments in glucose tolerance or frank diabetes. 3 Diabetes is a complex metabolic disorder charac terized by hyperglycemia and associated with microvascular and macrovascular complications, including retinopathy, nephropathy, neuropathy and cardio vascular disease. 4 an association between diabetes and these complications is well established, although the impact of dia betes on the Cns-particularly in relation to cognitive dysfunction-is not understood in detail. this inter action has, however, received increasing attention over the past decade. 5-10% of patients with diabetes in the us have type 1 diabetes, which is associated with hyperglycemia and insulin deficiency. the severity of cognitive dysfunction experienced by individuals with this type of diabetes is affected by age of onset of diabetes, degree of glycemic control, and duration of diabetes.
1 type 2 diabetes is the most common form of this disease, accounting for ≈90-95% of cases of diabetes in the us, and is charac terized by hyperinsulinemia and insulin resistance. obesity, hypertension, hypercholesterolemia and hyperlipidemia are all associated with type 2 diabetes. early cognitive changes in learning and memory, mental flexibility and mental speed are also associated with this form of the disease (Box 1). 5, 6 aD accounts for 50-70% of all dementia cases and is characterized by cognitive deficits 7 as well as several neuropathological markers, which include extra cellular senile plaques and intracellular neurofibrillary tangles (nFts). Familial aD is a rare form of dementia and is caused by autosomal dominant mutations in one or more of the genes encoding the amyloid precursor protein (aPP), presenilin 1 or presenilin 2 (the latter two proteins form the catalytic core of γ-secretase). 8 By contrast, late-onset aD might be caused by environmental and/or lifestyle factors. 9 interestingly, late-onset aD is characterized not only by the neuropathological markers mentioned above, but also by vascular lesions, and hyperglycemia, hyperinsulinemia, insulin resistance, glucose intolerance, adiposity, atherosclerosis and hypertension are all independent risk factors for aD. 10 owing to the profound socioeconomic impact of diabetes and aD, an understanding of the mechanisms that might link these two diseases together is imperative. oxidative stress, the formation of advanced glycation end products (aGes), and impairments in Cns insulin signaling [11] [12] [13] [14] are all associated with diabetes and aD. Furthermore, dysregulation of cellular processes-such as glucose metabolism, apolipoprotein e (apoe) processing, cholesterol metabolism, mitochondrial activity, calcium homeostasis, and second messenger signaling-is thought to contribute to both diseases.
3,14-16 this review discusses the potential biological mechanisms that could underlie how diabetes might accelerate the progression of aD, and highlights possible points of intervention that future therapies could exploit to prevent or delay the progression of aD in patients with this metabolic condition.
Epidemiological studies multiple population-based studies have shown that patients with diabetes exhibit an increased risk of developing aD compared with nondiabetic individuals matched for age and sex; [1] [2] [3] however, other studies have failed to find a link between these two conditions. [17] [18] [19] the reason why some studies but not others have identified such a link might reflect differences in study par ticipants (in terms of age, ethnicity and sex) and/or study designs between investigations. in studies that indicated a positive association between the two diseases, obesity, dyslipidemia, and 
Diabetes and progression of AD
Protein processing many neurodegenerative disorders are characterized by abnormal protein processing, and two prominent pathological features of aD-both of which result from abnormal protein processing-are amyloid-β (aβ) plaques and nFts. aβ is a 39-42 amino acid peptide generated by the proteolytic cleavage of aPP by β-secretase and γ-secretase. 20 Compared with shorter variants of aβ, the 42 amino acid form of this peptide-aβ 42 -has an increased propensity to aggregate, and accumulates as extracellular amyloid deposits; that is, senile plaques. 21, 22 as mentioned above, genetic analyses have shown that mutations in one or more of the genes encoding aPP, presenilin 1 or pre senilin 2 cause some cases of familial aD; however, the familial form of this disease is rare, and ≈90% of known aD cases are sporadic.
9,10 the amyloid cascade hypothesis states that the neurodegeneration associated with aD is caused by the processing of aPP via the amyloidogenic pathway, 20, 22 and now the production of senile plaques is widely considered to affect neuronal activity by impairment of synaptic function and induction of cell death. 23, 24 However, impaired synaptic function might precede the formation of plaques. 25 the accumulation of aβ-derived diffusible ligands (aDDl), which are soluble aβ oligo mers, has been shown to lead to functional deficits before plaque formation. 26 as impaired insulin signaling, which is associated with type 2 dia betes is known to affect the expression and metabolism of aβ, 4 diabetes might, therefore, exacerbate the production of aβ, synaptic impairment and neuronal cell death in patients with aD. a major component of nFts is hyperphosphorylated tau. 27 tau is a soluble microtubule-associated protein that is expressed in mature neurons and is localized within axons, and maintains the stability of neuronal microtubules. in aD, tau is abnormally phosphorylated and aggregates in cell bodies and proximal dendrites. 28 Cleaved tau is detected in the brains of patients with aD as well as in neurons treated in vitro with aβ. [29] [30] [31] Cleaved tau has been shown to induce apoptosis of cortical neurons in vitro, 30 and when expressed in transgenic animals, the cleaved form of this protein is associated with a reduction in spatial memory. 32 several proteases, including caspases (proteases associated with the proteasome) and calpains, are implicated in tau cleavage. 33 in mouse models of diabetes, increased tau phosphoryla tion is evident in animals with either type 1 or type 2 diabetes compared with control wild-type mice. 34 tau phosphorylation and cleavage is considerably more pronounced in mice with type 2 diabetes than in mice with the type 1 form of this disease, 34, 35 although the change in phosphorylation status in the latter positively correlates with impairments in learning and memory. 34, [36] [37] [38] reviewS Considering that an increase in tau phosphorylation is observed in postmortem brain samples from patients with type 2 diabetes, patients with this form of the disease might also experience cognitive deficits as a result of dy sfunctional glucose metabolism. 39 Glycosylation of O-linked β-N-acetylglucosamine (Glcnacylation) is a normally occurring posttranslational pro tein modification. studies show a reduction in Glcnacylation under diabetic conditions, indicating that Glcnacylation might attenuate abnormal tau phosphorylati on and decrease tau-induced neuronal death. 40 insulin and glycogen synthase kinase insulin deficiency associated with type 1 diabetes contributes to the cognitive deficits observed in patients with this form of the disease. 1 Furthermore, both spatial learning and hippocampal long-term potentiation (ltP) are attenuated following induction of experimental type 1 diabetes in rats with a single intravenous injection of streptozotocin.
1,41 these changes in spatial learning and ltP can be prevented by insulin treatment (Figure 1 ). 41 type 2 diabetes is also associated with cognitive impairment. 42 as mentioned above, this form of dia betes is characterized by insulin resistance, hyperinsulinemia and impaired insulin signaling. insulin receptors are expressed throughout the Cns; however, the function of these receptors in the brain is not fully understood. insulin receptors might be involved in the regulation of synaptic activity and, hence, might affect cognitive processes. 43 neurodegeneration and cognitive impairment in type 2 diabetes and aD could be caused, in part, by impairments in insulin receptor signaling. 44 in fact, decreases in the sensitivity of such receptors are known to affect the expression and metabolism of aβ and tau, 4 and impaired insulin receptor activity and hyper insulinemia are observed in patients with aD and in animal models of this disease. 45 in addition, dysfunction of insulin receptor signaling is associated with impairments in aDDl clearance. 46 insulin-degrading enzyme (iDe) is required for both insulin and aβ degradation in neurons and microglia. elevated insulin levels in type 2 diabetes induce aβ accumulation through competition between insulin and aβ for iDe. 47 insulin and insulin receptor densities are, however, decreased in patients with aD compared with age-matched healthy controls.
12,45 nevertheless, insulin sensitizers might increase insulin signaling and decrease the levels of insulin available to compete with aβ for degradation by iDe. treatment of mice with aD-like symptoms with an insulin sensitizer reduces aβ 42 levels and improves memory. 48 although a larger study is needed to confirm the findings, patients with early aD who were treated with the insulin sensitizer rosiglitazone failed to demonstrate a decline in aβ 42 levels, despite demonstrating better cognitive performances during treatment than before treatment. 49 insulin regulates tau phosphorylation in vitro 50, 51 and in vivo, 52, 53 and increases the rate of nFt development. in fact, insulin transiently increases tau phosphorylation in primary cortical neurons, 51 and hyperinsulinemia results in tau hyperphosphorylation in rat brains. 54 Furthermore, insulin receptor substrate 2 knockout mice demonstrate typical pathological signs of type 2 diabetes and have an increased number of nFts in hippocampal neurons compared with control wild-type mice. 53 thus, impaired insulin signaling could increase tau phosphorylation and cleavage. 34 insulin receptor signaling leads to the activation of two major signaling pathways, the mitogen-activated protein kinase (maPK) pathway and the akt signaling pathway. maPK signaling is a required component of cell differen tiation, cell proliferation and cell death, 55 whereas akt signaling is involved in the regulation of reviewS cell growth, cell proliferation, protein synthesis (via the mammalian target of rapamycin signaling pathway) and cell survival (through the inhibition of several proapoptotic agents). 56, 57 Both the maPK and akt pathways are implicated in aD patho genesis. maPK expression is increased in the brains of patients with aD compared with healthy individuals. moreover, maPK immunoreactivity is greater in postmortem brain samples from patients with aD than in such samples from healthy controls. 58 the expression of this protein kinase is positively associ ated with aβ plaques and nFts. indeed, maPK colocalizes with nFts in hippo campal and cortical regions in aD brains. 58, 59 studies indicate that maPK signaling is involved in neuro inflammation, tau phosphorylation and synaptic plasticity. 59 For example, in transgenic mice with hyperphosphorylated tau, aggregated tau co-localizes with maPK. 60 akt signaling induces the inhibition of glycogen synthase kinase-3β (GsK-3β) 44, 61, 62 (Figure 1 ), which phosphorylates and, hence, inactivates glycogen synthase, a key enzyme in glycogenesis. thus, under normal conditions, insulin signaling via the insulin receptor leads to GsK-3β inactivation, whereas insulin resistance leads to GsK-3β dephosphorylation and activation.
36,61 the regulation of GsK-3β in the hippocampus and cortex changes in response to changes in glucose and insulin concentrations, 63 and in type 2 diabetes an increase in GsK-3β activity might lead to insulin resistance by reducing glucose clearance. 62 increased GsK-3β activation might also lead to an elevation in aβ production (resulting from a GsK-3β-mediated increase in presenilin 1 acti vity) 64 and an increase in tau phosphorylation associated with nFt formation (Figure 1) . 61 By contrast, inhibition of GsK-3β attenuates aPP processing and inhibits hyperphosphorylated tau-associated neurodegeneration in cell-culture and animal models of aD.
64,65
Abnormal glucose metabolism Glucose metabolism and insulin signaling are important for normal brain function. imaging studies have revealed that patients with aD and individuals at risk of developing this disease typically have reductions in glucose metabolism in temporal and parietal brain regions. 66 of note, reductions in glucose metabolism have been observed in the hippocampus of patients with aD. 67 moreover, compared with healthy individuals, patients with aD might also have increased fasting plasma insulin levels and/or a decreased cerebrospinal fluid (CsF)-to-plasma insulin ratio. intravenous administra tion of insulin-while maintaining normal blood glucose levels-or glucose facilitates cognitive functioning in patients with aD and in healthy older adults. 68 this finding indicates that normal glucose metabolism is required for the performance of cognitive functions, and that impairments in glucose metabolism might contribute to cognitive dysfunction. the negative effect of impaired glucose metabolism on cognitive functioning might be caused, in part, by the formation of aGes, an increase in oxidative stress and, subsequently, an increase in local inflammation within the brain.
Advanced glycation end products
Hyperglycemia can lead to a number of patho physiological processes, including oxidative stress and aGe formation that can cause brain damage. 69 in fact, both abnormal glucose metabolism and oxidative stress contribute to the formation of aGes. these substances comprise a heterogeneous group of molecules formed by irrever sible, nonenzymatic reactions between sugars and the free amino groups of proteins, lipids and nucleic acids. auto-oxidation of glucose leads to the formation of oxygen radicals, which are intermediates in the aGe pathway and the predominate source of endogenous aGes (Figure 2) . 70 the formation and accumulation of aGes occurs during normal aging; however, these processes are exacerbated in patients with diabetes, 71, 72 and the binding of aGe to its receptor (receptor for aGes or raGe) induces a series of biological processes that cause further diabetic complications. 71 aGe immunoreactivity is present in both aβ plaques and nFts in patients with aD. 73 Furthermore, hippocampal neurons from patients with this neuro degenerative disease contain aβ-positive, aGe-positive and raGepositive granules. 73, 74 whether the modification of aβ and tau by aGes is a primary or secondary event in aD is a controversial topic. nevertheless, aGes are widely accepted to be active participants in the progression of aD, since aGe-induced glycation of aβ and tau protein has been shown to cause aβ aggregation and the formation of nFts, respectively. 75 moreover, diabetic mice with cognitive impairments exhibit increased raGe expression in neurons and glia compared with wild-type control mice, 76 and in one clinical study, aGe immunostaining was increased in postmortem brain slices from patients with aD and diabetes compared with nondiabetic patients with aD. 77 another study has failed, however, to detect a difference in aGe immunostaining in nFts and senile plaques between patients with dia betes and age-matched control individuals. 78 
Hyperglycemia

Mitochondrial dysfunction
In ammation Mitochondrial dysfunction, oxidative stress and dysregulated calcium homeostasis are all associated with diabetes and might be contributory factors to the development of AD. Glucose auto-oxidation can lead to AGE formation and, as a result, oxidative stress, which is associated with mitochondrial dysfunction. Oxidative stress combined with an increase in intracellular calcium result in a feedforward cycle of continued mitochondrial damage that can cause neuronal death and, hence contribute to AD pathology. Abbreviations: AD, Alzheimer disease; AGE, advanced glycation end product; ROS, reactive oxygen species.
Alzheimer disease
reviewS
Oxidative stress abnormal glucose metabolism can increase the production of free radicals such as reactive oxygen species (ros) and reactive nitrogen species (rns). this overproduction of free radicals can exhaust a cell's anti oxidant capacity and lead to a condition known as oxidative stress, which is a hallmark of both type 1 and type 2 diabetes and a con tributing factor to diabetic neuropathy. 79, 80 rosinduced and rns-induced protein and/or lipid peroxidation result in cell damage that can lead to cell death, and are increased in patients with diabetes or aD compared with healthy controls. 81, 82 Brain and CsF levels of lipid peroxidation biomarkers-including ma londialdehyde and 4-hydroxynonenal-are higher in individuals with aD than in healthy people. 11 Furthermore, levels of oxidized proteins are increased in the frontal and parietal lobes and in the hippocampus of patients with mild cognitive impairment compared with healthy controls, indicating that oxidative damage might occur early in the development of aD. 83 oxidative stress and lipid peroxidation seem to be able to induce aβ accumulation: studies in a mouse model of aD have demonstrated that brain lipid peroxidation increases before aβ levels increase, 84 and that the onset of aβ deposition is associated with an increase in the level of rns. 85 Further evidence supporting this hypo thesis has been obtained from studies of a mouse model of aD in which mutations in the genes encoding aPP and presenilin 1 cause an elevation in aβ 42 production. in these animals, lipid and protein peroxidation are evident at disease onset. 86 in another transgenic animal model of aD, in which mice develop aβ plaques, nFts and cognitive defects, a decrease in antioxidant capacity and an increase in lipid peroxidation were noted before the develop ment of aD pathology. 87 oxidative stress seems to affect aPP either directly, by increasing aPP levels, or indirectly, by modulating aPP processing, and both mechanisms could increase levels of aβ. studies in transgenic mice and postmortem brain tissue from patients with aD also suggest that an increase in aβ production leads to a rise in the production of ros. evidence indicates that insertion of aβ into the mito chondrial membrane can disrupt the mitochondrial electron transport chain, 88 markedly attenuating cellular energy production and increasing the formation of ros and, thus, driving a feedforward process involving ros and aβ. this feedf orward process might also result from microglia activation by aβ protofibrils: these fibrils can induce a robust inflammatory response and the local release of neuro toxins or neurotoxic cytokines from activat ed microglia. 89 oxidative stress increases both the activation of inflam matory pathways ( Figure 2) 11 and the release of inflam matory mediators such as C-reactive protein and interleukin 6 into the circulation. 90 local inflammation initiated by activated microglia and reactive astrocytes surrounding extracellular aβ plaques can lead to activation of the complement cascade and neuronal cell damage. 91 Cytokines and chemokines, including interleukins, tumor necrosis factor and macrophage inflammatory protein 1α, are all upregulated in patients with aD. 91 Furthermore, transgenic mice exhibiting aβ plaques and cognitive defects have higher levels of cytokines and chemokines than have wild-type control animals. 92 observational epidemiological studies have reported that anti-inflammatory drugs are associated with a decreased risk of aD; 93 however, experimental trials in which patients with aD were treated with anti-inflammatory drugs failed to demon strate any beneficial effects of taking these agents. 94, 95 Cholesterol, APoe and metabolic syndrome Dyslipidemia and hypercholesterolemia both contribute to the pathology of diabetes and are also independent risk factors for aD. apolipoprotein e (aPoe), which is expressed predominantly in the liver and brain, participates in the transport of cholesterol and lipo proteins within the circulatory system and can, therefore, markedly affect blood lipid levels. in fact, humans with an aPoe deficiency exhibit an increase in the level of plasma cholesterol, 96 and ApoE knockout mice have been shown to have elevated blood cholesterol levels compared with wild-type control mice, even when the knockout mice have been on a strict low-fat, low-cholesterol diet. 97 Four alleles of APOE exist. in the general population, 77% of individuals have an APOE ε3 allele (the most common APOE variant), while 15% possess an ε4 variant. By contrast, 40% of patients with aD possess an ε4 allele, and individuals with one ε4 allele are 3-4-fold more likely to develop aD than individuals who are not ε4 carriers.
the risk of aD associated with the APOE ε4 allele might be exacerbated by diabetes, as patients with dia betes who are ε4 carriers are twofold more likely to develop aD than individuals who harbor the ε4 allele but are not dia betic. 98 results from one study have indicated that dia betes only increases the risk of aD in indivi duals who have the ε4 allele; 18 however, other investigations have failed to demonstrate a correlation between APOE ε4 status, di abetes and aD. 99, 100 How APOE4 carrier status might confer an increased risk of developing aD is unclear. aPoe has, however, been implicated in the clearance of aβ, 101 and aPoe ε4 and aβ aggregates have been shown to synergistically induce neuro degeneration in the brains of mice with aD-like symptoms. 102 evidence indicates that aPoe ε4 also affects the processing of tau: for example, over expression of aPoe ε4 in transgenic mice seems to promote neuronal tau phosphorylation. 103 aPoe receptors, specifically the low-density lipoprotein receptor (lDlr)-related protein, are known to interact with aPP, increasing its endocytic trafficking and amyloidogenic processing. 104 as highlighted above, hypercholesterolemia is associ ated with an increased risk of type 2 diabetes, and patients with this form of the disease have an increased risk of cognitive decline compared with healthy indivi duals. 105 in fact, hypercholesterolemia is present in 70% of patients diagnosed with diabetes and 77% of patients with this condition who go undiagnosed. 106 in an animal model of diabetes an accumulation of cholesterol within pancreatic β-cells has been shown to lead to a decrease in insulin secretion, β-cell mass, and a deterioration of diabetic symptoms. 107 Hypercholesterolemia could increase aβ production by reviewS increasing the expression of β-secretase and raGe, which transports aβ from the circulation to the brain, and by decreasing the expression of iDe and lDlr-related protein, both of which are involved in the clearance of aβ from the brain to the circulation. 108 Furthermore, cholesterol, cholesterol oxidase, and aPoe have all been shown to co-localize with aβ in fibrillar plaques in transgenic mouse models of aD, 109 and cho lesterol and oxidized cholesterol (oxy sterols) have also been shown to accumulate in the dense core of aβ plaques, 110 indicating that cholesterol might be involved in the formation of senile plaques. in the brain, cholesterol is oxidized to 24-hydroxycholesterol (24-HC) by 24-hydroxylase, and 24-HC levels in plasma and CsF reflect neuronal cholesterol synthesis. in addition, 27-HC is one of the main oxysterols found in the circulation, and the ratio of 24-HC and 27-HC is altered in aD. 111 in fact, the level of 27-HC in the brain increases in this neurodegenerative disease 111 and this rise might, subsequently, elevate the production of aβ. 112 thus, statins that cross the blood-brain barrier could reduce the risk of aD, 113 owing to their ability to reduce the levels of neuronal cholesterol, tau phosphorylation and amyloid formation. 114, 115 Mitochondrial dysfunction Diabetes and aD are associated with deficits in mitochondrial activity. 16 mitochondria are essential for atP synthesis and for maintaining calcium homeostasis, which is required for normal neuronal function. 116 the calcium hypothesis states that dysregulation of calcium homeostasis is a central process in normal aging of the brain and in age-related diseases. 117, 118 excessive calcium uptake by mitochondria leads to an increase in ros production, inhibition of atP synthesis, release of cytochrome c, and a sudden increase in inner membrane permeability termed mitochondrial permeability transition. 119 mitochondrial dysfunction triggers neuronal degeneration and cell death, and is thought to contribute to aD pathophysiology. the role mitochondrial dys function has in aD is not fully understood, but aPP is known to be associated with the outer mitochondrial membrane, 120 and β-secretase and aβ, which inhibits cytochrome oxidase in the presence of copper, are present in mitochondria, indicating that aβ could negatively affect mitochondrial electron transport. 121 indeed, dysfunction of mito chondrial electron transport proteins and a decrease in cytochrome oxidase activity are both associated with aD. 122 Furthermore, neurons affected by aD pathology exhibit an overall decrease in mitochondrial mass, an increase in cytoplasmic mitochondrial Dna, and an increase in cytochrome oxidase in lipofuscin-containing vacuoles. 123 Dysregulation of calcium homeostasis seems to occur as a result of a decrease in mitochondrial function. Brain tissue from patients with aD shows an increase in the concentration of calcium, and intracellular calcium levels are higher in neurons containing nFts than in neurons from healthy control patients. 124 Furthermore, levels of calcium-dependent proteases are increased in neurons containing nFts compared with neurons without nFts, 125 and neurons that are vulnerable to degeneration exhibit an increase in the levels of calcium-calmodulin-dependent protein kinase ii. 126 transglutaminase, a calcium-activated enzyme that induces crosslinking of tau molecules, is also increased in patients with aD compared with controls, 127 and cells exposed to agents that induce calcium influx show elevations in aβ production. 128 thus, an increase in levels of intracellular calcium might be involved in enhancement of aPP processing and aβ production. type 1 and type 2 diabetes are associated with an increase in intracellular calcium levels (Figure 2) . 129 abnormal calcium homeostasis is common in patients with diabetes and has been shown to occur in animal models of this disease. 129 Hormonal regulation of intracellular calcium might also be abnormal in diabetes. in type 2 diabetes, high levels of intracellular calcium in pancreatic β-cells and alterations in membrane cation pumps might contribute to impaired insulin secretion. 130 insulin deficiency is associated with calcium overload, which affects metabolic function by activating calcium-dependent protein kinases, phosphatases, proteases, phospholipases and lysosomal enzymes. 131 in animal models of type 1 diabetes, neuronal mitochondria exhibit a decrease in antioxidant capacity owing to a low content of coenzyme Q9, which is a result of oxidative stress. 132 inherited defects in mitochondrial Dna are known to cause an insulin-deficient form of diabetes mellitus that resembles type 1 diabetes. in patients with type 2 dia betes, the activity of mitochondrial oxidative enzymes is lower than in age-matched controls; however, patients with this form of diabetes are obese, and obesity is associated with smaller mitochondria and reduced bioenergetic capacity than lean controls. 133 
Animal models of AD and diabetes
several studies have demonstrated that the induction of diabetes in mouse models of aD leads to an acceleration of aD neuropathology. For example, the induction of type 1 diabetes-by means of an intraperitoneal injection of streptozotocin-in transgenic mice prone to tau pathology is associated with an increase in levels of hyperphosphorylated and insoluble tau. 134 Furthermore, results from a study conducted by Jolivalt et al. indicate that hypoinsulinemia increases aD pathology in transgenic mice with aD and experimental type 1 diabetes. rises in the level of aβ 42, the number of immuno reactive aβ plaques, GsK-3β activity, and the degree of tau phosphorylation-all contributing factors to neuro degeneration and neuronal loss in aD-were evident in the transgenic mice after induction of experimental diabetes. 135 By contrast, induction of type 2 diabetes did not increase aβ levels in the brains of transgenic mice that develop aD pathology, although the development of diabetes did cause the early onset of cognitive dys function. 136 taken together, these results suggest that diabetes-associated cerebral amyloid angiopathy, but not aβ accumulation, is responsible for cognitive dysfunction, at least in the early stages of the disease. owing to the fact that the mice with experimental type 2 diabetes were leptin deficient, and that leptin is involved in synap tic function and affects cognition and behavior, 137 the absence of leptin signaling could be responsible for the observed cognitive phenotype. more studies are needed to fully elucidate the link between diabetes and aD. Conclusions the work presented here highlights the overlap and the many of the points of intersection that exist between the molecular mechanisms underlying diabetes and aD, and indicates how diabetes could exacerbate aD pathology. Hyperglycemia and hypoglycemia in the Cns result in the dysregulation of multiple extracellular and intra cellular signaling cascades, which in turn could lead to decreases in neuronal and synaptic function and, ultimately, to an increase in neuronal loss. an understanding of how each molecular pathway intersects and affects the others is essential for the development of future drug intervention strategies for aD.
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